The Interleukin-1b converting enzyme (ICE) family of proteins, homologs of the C elegans cell death gene product CED-3, play important roles in controlling vertebrate programmed cell death. Because inhibition of apoptosis may be an essential step in tumorigenesis, we investigated the interaction of the simian virus 40 large T antigen (T ag) with the ICE family. COS-1 cells which were transformed by the simian virus 40 do not die when transfected with expression constructs of Ice or Ich-1 L . We found that expression of T ag alone signi®cantly prevents the ICE-induced apoptosis. p53, but not pRb or p107, antagonizes the eect of T ag on the suppression of ICE-induced cell death, but not on ICH-1 L -mediated cell death. Thus, wild type p53 may potentiate ICEinduced apoptosis. Expression of a temperature sensitive mutant p53Val
Introduction
Apoptosis is a genetically encoded cell suicide mechanism de®ned by characteristic biochemical and morphological changes. Members of the mammalian ICE family are homolog of C elegans programmed cell death gene ced-3 which is required for cells to undergo programmed cell death (Ellis and Horvitz, 1986; Ellis et al., 1991; Miura et al., 1993; Yuan et al., 1993; Kumar et al., 1994; Wang et al., 1994; FernandesAlnemri et al., 1994; Faucheu et al., 1995) . Overexpression of Ice family members induced apoptosis of cultured cells, which was suppressed by Bcl-2 (Miura et al., 1993; Wang et al., 1994) . The cowpox virus gene product CrmA, a speci®c inhibitor of ICE (Ray et al., 1992) , inhibited cell death induced by a variety of stimuli including nerve growth factor (NGF) deprivation in chicken dorsal root ganglion neurons (Gagliardini et al., 1994) , anti-Fas antibody, and tumor necrosis factor (TNF)-a (Tewari and Dixit, 1995; Enari et al., 1995 Enari et al., , 1996 Los et al., 1995; Miura et al., 1995) . Moreover, peptide inhibitors of the ICE protease family suppressed motoneuron cell death during cell culture and development (Milligan et al., 1995) . These observations suggest that ICE family members play an important role in apoptosis.
ICE has been found to be activated in apoptosis of certain experimental paradigm. In mammary gland epithelial cells, inhibition of integrin function resulted in apoptosis and ICE was found to be induced and activated in the apoptotic cells (Boudreau et al., 1995) . Increased Ice expression was shown to be correlated with the onset of T lymphocyte apoptosis induced by DNA damage and it appeared that impairment of Ice expression in interferon regulatory factor (IRF)-1 mutant (7/7) splenocyte contributed to the suppression of apoptosis (Tamura et al., 1995) . Furthermore, enzymatic activation of ICE has been observed in HeLa cells induced to die by treatment of TNF-a in the presence of cycloheximide (Miura et al., 1995) and transient ICE-like activity was found in the cytosolic fraction of FAS-mediated apoptosis (Enari et al., 1996) . These observations suggest that ICE may be an important component of the cell death pathway mediated by a variety of signals.
ICH-1, another member of the ICE protease family which is abundantly expressed in the embryonic brain, has been isolated and characterized (Kumar et al., 1994; Wang et al., 1994) . The ICH-1 transcript is alternatively spliced to generate two dierent forms, ICH-1 L and ICH-1 S , which have opposite functions, suggesting that ICH-1 may play a role in both positive and negative regulation of programmed cell death.
Increasing evidence suggests that inhibition of apoptosis may contribute to tumorigenesis. Recent work has shown that viral proteins from DNA tumor virus, such as T ag and adenovirus E1B (19 kDa), were found to have a role in regulating apoptosis (White et al., 1991; Saenz Robles et al., 1994; McCarthy et al., 1994) . Transgenic mice expressing T ag, a multi-potent oncogenic protein consisting of several functional domains involved in tumorigenesis and immortalization (Livingston and Bradley, 1987; Hanahan, 1988; Zhu et al., 1991) , have a high frequency of tumor formation with a low apoptotic index. While mutant T ag (dI1137 or TgT 121 ) defective in inactivating p53 were sucient to induce tumor formation albeit with a high apoptotic index and slow progression, inactivation of p53 function by expressing the p53-binding domain of T ag resulted in a signi®cant increase in tumor development with low apoptotic index and rapid progression . In addition, thymocytes from transgenic mice expressing T ag were resistant to radiation-induced apoptosis (McCarthy et al., 1994) . These observations suggest that T ag has an important role in suppressing apoptosis.
Because the ICE family is critical for apoptosis and inhibition of apoptosis is an important step in tumorigenesis, we investigated the possible interaction between T ag and the ICE family. Here we report that expression of T ag can suppress apoptosis induced by the ICE family and that the inhibitory activity of T ag can be overcome by expression of p53.
Results

T ag suppresses cell death induced by Ice expression
Overexpression of Ice and Ich-1 L induced apoptosis in certain mammalian cells including Rat-1, HeLa, and NG108-15, but not COS-1 cells (Miura et al., 1993; Wang et al., 1994) . In order to study the biochemical mechanism responsible for the resistance of COS-1 cells to apoptosis induced by the ICE family, we examined whether parental CV-1 cells undergo apoptosis by expression of Ice (Figure 1a) . pbactM10Z, an expression construct of mouse Ice-lacZ fusion, was transiently transfected into CV-1 cells. Cells were ®xed one day later and incubated with X-gal buer to examine the viability of the cells as previously described by Miura et al. (1993) undergo apoptosis when transfected with pbactM10Z (Ice-lacZ). These results suggest that ICE-induced cell death is inhibited by SV40. The b-galactosidase activity of cells transfected with pbactM10Z (Ice-lacZ) was higher in COS-1 cells than in CV-1 cells: X-gal color reaction develops dark blue in COS-1 cells and light blue in CV-1 cells (data not shown), suggesting that the dierent sensitivity of COS-1 and CV-1 cells to ICEinduced apoptosis is not due to the dierence in expression levels of Ice.
To address whether expression of T ag is responsible for the resistance of COS-1 cells to ICE-induced cell death, we examined viability of rat ®broblast cells expressing T ag ( Since expression of bcl-2 is known to suppress ICEinduced cell death (Miura et al., 1993) , the expression pattern of the ICE and bcl-2/bax gene family was examined in CV-1 and COS-1 cells ( Figure 1c ). Even though COS-1 cells express more ICE and p53, they are resistant to apoptosis, suggesting that the endogenous ICE is inactive in COS-1 cells. Bcl-2 protein was very abundant in COS-1 cells compared to that of parental CV-1 cells. In contrast, Bax protein was barely detected in COS-1 cells but abundant in CV-1 cells. This result shows that there is a dramatic up-regulation of bcl-2 gene expression and downregulation of bax gene expression in COS-1 cells compared to parental CV-1 cells, suggesting that T ag may suppress ICE-induced apoptosis through regulating the ratio of Bcl-2/Bax, which may pre-determine the cells' susceptibility to apoptotic stimuli. p53 sensitizes COS-1 cells to cell death induced by Ice but not by Ich-1 L T ag can form complexes with and inactivate several tumor suppressor proteins including p53 and members of the pRb family (DeCaprio et al., 1988; Zhu et al., 1991; Saenz Robles et al., 1994) . To explore the antiapoptotic mechanism mediated by T ag, we investigated which of the tumor suppressor genes is critical for the ability of T ag to suppress ICE-induced apoptosis. We cotransfected either pbactgal (lacZ), pbactM10Z (Ice-lacZ), or pbactH37Z (Ich-1 L -lacZ) with an expression plasmid of pCMV-p53, pCMVpRb, or pCMV-p107 into COS-1 cells, and examined the cell viability after X-gal reaction (Figure 2 ). While expression of Ice, Ich-1 L , or p53 alone in the COS-1 cells does not signi®cantly induce cell death (12 ± 18% dead cells) over a control expressing lacZ alone (6% dead cells), cotransfection of pbactM10Z (Ice-lacZ) and pCMV-p53 plasmids synergistically increases dead cells to 68%. Cotransfection of both pbactH37Z (Ich-1 L -lacZ) and pCMV-p53, however, does not significantly increase cell death (18% dead cells). Cotransfection of either pbactM10Z (Ice-lacZ) or pbactH37Z (Ich-1 L lacZ) with other tumor suppressor expression plasmids including pRb and p107 does not show any additive or synergistic eects on ICE-or ICH-1 Linduced cell death (Figure 2 ). Since T ag is a sequester of p53 function (Zhu et al., 1991; Saenz Robles et al., 1994) , these results suggest that the ability of T ag to suppress ICE-induced cell death may result from inhibiting p53 function. Interestingly, coexpression of Ich-1 L and p53 does not signi®cantly enhance cell death (18% dead cells), indicating dierential sensitivity of ICE-and ICH-1 L -mediated cell death pathways toward p53.
In order to further examine the role of p53 in ICEinduced cell death, we established stable COS-1 cell lines expressing high levels of a temperature sensitive mutant p53 (p53 Val   135 ) which is in a mutant conformation at non-permissive temperature (388C) and a wild type conformation at permissive temperature (338C) (Michalovitz et al., 1990) . Because of the growth inhibitory activity of p53, stable COS-1 cells were maintained at the non-permissive temperature during G418 selection and subsequent cultures. COS-1 cells expressing p53Val 135 (clone 78: COS-1 p53Val 135 ) show normal growth rate at the non-permissive temperature but are growth-arrested after transferring to the permissive temperature. Control cells (clone 22: transfected with a control plasmid shows a similar active growth rate at both permissive and non-permissive temperatures (data not shown).
These stable cells show markedly dierent sensitivity to cell death induced by expression of Ice or Ich-1 L ( Figure 3A ). When COS-1 p53Val 135 (clone 78) cells were incubated at the permissive temperature, transfection with pbactM10Z (Ice-lacZ) induced 70 to 80% of cell death based on morphology of X-gal positive cells (Figure 3Ad ). In contrast, the majority of COS p53Val 135 cells expressing Ice were alive at the nonpermissive temperature (20 to 30% dead cells) ( Figure  3Ac ). In Cos-1 Neo r (clone 22) cells, expression of Ice did not induce cell death at either permissive or nonpermissive temperature (Figure 3Ag and h) . These results indicate that expression of wild type p53 is critical for the ability of ICE to induce apoptosis of COS-1 cells. Expression of Ich-1 L is not able to induce apoptosis of the COS-1 p53Val 135 cells regardless of the temperatures (Figure 3Ae and f) .
Kinetics of cell survival was determined in COS-1 p53Val 135 (clone 78) cells at 1 or 2 days after transfection with pbactM10Z (Ice-lacZ) and pbactH37Z (Ich-1 L -lacZ) ( Figure 3B ). The viability of COS-1 p53Val 135 cells was 20% at the permissive temperature and 72% at the non-permissive temperature at 2 days after transfection with pbactM10Z (IcelacZ) ( Figure 3B ). In contrast, the viability of COS-1 p53Val 135 cells transfected with pbactH37Z (Ich-1 LlacZ) is similar at permissive and non-permissive temperatures (77 ± 80%) ( Figure 3B ).
Regulation of bax, Bcl-2, cyclin D1 and p21 by T ag and p53
To investigate how T ag and p53 regulate ICEmediated apoptosis, we examined the expression patterns of the bcl-2 gene family and cell cycle proteins in COS p53Val 135 and COS-1 Neo r cells by Western blot analysis (Figure 4) . At transition from the non-permissive temperature to the permissive temperature, expression of bax, p21 WAF1/CIP and cyclin D1 is induced in COS p53Val 135 cells with dierent kinetics: while cyclin D1 is signi®cantly up-regulated at day 1, expression levels of bax and p21 WAF1/CIP are highest at day 2. In contrast, the expression of bcl-2 appears to be similar both at permissive and non-permissive temperatures (Figure 4) . These results suggest that T ag might suppress apoptosis through regulation of bax, p21
WAF1/CIP
, and/or cyclin D1 gene expression. To examine whether expression of bax, p21 WAF1/CIP , or cyclin D1 cooperates with Ice to induce cell death, we cotransfected pbactM10Z (Ice-lacZ) with either pCMV-bax, pCMV-p21 WAF1/CIP , or pRc/CMV-cyclin D1 into COS-1 cells ( Figure 5 ). There is no increase in cell death by expressing either p21 WAF1/CIP or cyclin D1 with Ice, suggesting that p21 WAF1/CIP or cyclin D1 alone does not cooperate with ICE to induce COS-1 cell death. However, the possibility that induction of cyclin D1 and (Harper et al., 1993) ; cyc D1: pRc/CMVcyclin D1 (Hinds et al., 1992) cells ( Figure 5 ). Overexpression of bax is also able to increase ICH-1 L -induced cell death (twofold: 15 to 32%) and however, the eect of bax on ICH-1 Linduced cell death (twofold) is smaller than that of bax on ICE-induced cell death (threefold) ( Figure 5 ).
Discussion
Expression of SV40 T ag protects cells from apoptosis T ag, in many cases, is sucient to induce tumors in animals and transform a variety of cell types in culture (Livingston et al., 1987; Hanahan, 1988; Zhu et al., 1991) . In this report, we described that expression of T ag can directly block cell death induced by ICE and ICH-1 L , suggesting that T ag can alter the cellular defense mechanism against apoptosis mediated by these genes and implying that suppression of apoptosis by T ag during tumorigenesis may be mediated through functional inhibition of the ICE family. T ag may contribute to tumorigenesis by increasing the frequency of tumor formation in which cells carrying oncogenic mutations survive and proliferate by escaping from apoptosis mediated by the ICE family. Expression of a mutant T ag k1, which is incapable of inactivating pRb (DeCaprio et al., 1988) , oers more resistance to ICE-induced apoptosis than that of wild type T ag in Rat-1 cells (data not shown). This result suggests that the ability of T ag to bind to pRb is not necessary for antiapoptotic activity of T ag.
Expression of p53 can overcome the apoptotic protective eect of T ag on ICE-mediated cell death
The contribution of p53 de®ciency to tumorigenesis, which occurs in more than 50% of human cancers (Hollstein et al., 1991) , is at least in part due to the suppression of apoptosis to promote tumorigenesis Symonds et al., 1994) . Expression of dl1137 T ag, a mutant T ag capable of binding pRb but not p53, induces abnormal proliferation and slow tumor formation with high apoptotic index in the brain choroid plexus epithelium of transgenic mice . Crossing such transgenic mice into p53 mutant background reduces apoptotic index in the hyperplastic tissue and increases the rate of tumor formation to that of wild type T ag-expressing mice, suggesting that inactivation of p53 is critical to suppress apoptosis for ecient tumor promotion . We demonstrated here that expression of p53, but not pRb or p107, can overcome the inhibitory eect of T ag on ICE-induced COS-1 cell death, showing that T ag suppresses a function of the ICE family through inactivation of p53.
Expression of T ag may alter cellular defense mechanisms by resetting the threshold for cell death through elevating the level of cell death-suppressors, such as Bcl-2 (Tsujimoto and Croce, 1986) and Bcl-x (Boise et al., 1993) and decreasing the level of cell death inducers, such as Bax (Oltvai et al., 1993) ; Bak (Farrow et al., 1995) and Bad (Yang et al., 1995) . Tissue-speci®c alteration of Bcl-1/Bax ratio in the p53 knock-out mice has been reported (Miyasita et al., 1994; Miyasita and Reed, 1995) . Thus, regulation of the bcl-2 gene family by T ag may increase the threshold for cell death. This is in line with the observation that expression of both Ice and bax in COS-1 cells synergistically increases cell death ( Figure  5 ). The eect of bax expression on ICH-1 L -induced apoptosis is not as signi®cant as that to ICE-induced apoptosis in the COS-1 cells. Thus, ICH-1 L -mediated apoptosis may be less sensitive to Bax than ICEmediated apoptosis. Since ICH-1 L -mediated apoptosis was not restored by p53 overexpression, the gap between the eects of p53 and Bax on ICH-1 Lmediated apoptosis may be explained by dierent levels of Bax protein in the cells: Bax protein induced by wild type p53 in COS-1 p53Val 135 cells at the permissive temperature may be less abundant than that produced by the transfected bax expression plasmid (pCMV-bax).
While p53 restores ICE-mediated cell death in cells expressing T ag, alteration in the ratio of Bcl-2/Bax per se may not completely explain why p53 expression sensitizes ICE-induced apoptosis but not ICH-1 Linduced apoptosis. We cannot rule out the possibility that p53 may regulate a yet unknown factor which is critical for cell death induced by ICE but not by ICH-1 L . Such candidates might include Bcl-x with death-suppressor function (Boise et al., 1993) and recently cloned Bak or Bad with death-inducer functions (Farrow et al., 1995; Yang et al., 1995) . It is also interesting to note that p53 can induce the expression of Fas/APO-1 which appears to be closely associated with ICE-mediated apoptosis (Owen-Schaub et al., 1995) .
In this study, we demonstrated the ability of T ag in regulating cells' sensitivity towards apoptosis induced by the ICE-like proteases. Disregulation of cellular defense mechanism to apoptosis may make a signi®cant contribution to tumor progression. Identification of critical components of this defense mechanism responsible for the resistance of tumor cells to apoptosis may allow us to design better therapeutic agents to induce apoptosis selectively in tumor cells.
Materials and methods
Cell lines and culture
208F (a subline of Rat-1) and CV-1 (African Monkey Kidney) cells were grown in Dulbecco's Modi®ed Eagle's Medium (DMEM) (Gibco) (Gaithersburg, MD) with 10% fetal calf serum (FCS). COS-1 is a ®broblast-like cell established by transforming CV-1 cells with the simian virus 40 (SV40). 208F/T21 and 208F/T31 cells expressing SV40 large T ag were generous gifts from Q Yu. Cells were maintained in DMEM containing 10% FCS.
Rat-1 cells expressing either T ag or T ag K1 mutant, and COS-1 cells expressing a temperature sensitive mutant p53Val 135 were established by transfecting cells with the plasmids (Rat-1 cells: pZipNeoSV40-T and pZipNeoSV40-T K1; COS-1 cells: LTRp53cG-val) and selecting stable cells using 600 mg/ml and 900 mg/ml of G418 (Gibco), respectively. Resistant single colonies were cloned and checked for the expression of T ag and p53 by Western blot analysis. COS-1 cells expressing p53Val 135 were maintained at 388C while screening for the stable cell lines and, when appropriate, were shifted to 338C for 1 ± 2 days. Plasmids pbactM10Z and pbactH37Z expression vectors contain the intact Ice and Ich-1 L cDNA fused to the E. coli lacZ gene under control of the chicken b-actin promoter (Miura et al., 1993; Wang et al., 1994) . LTRp53cG-val construct expressing temperature sensitive p53 mutant was a generous gift from P Hinds. pCMV-p53, pCMV-pRb, pCMV-p107, pCMV-p21 WAF1/CIP and pRc/CMV-cyclin D1 expression plasmids were described in Baker et al. (1990) , Qin et al. (1992) , Harper et al (1993) , and Hinds et al. (1992) . pZipneoSV40-T and K1 plasmids were generous gifts from Q Yu. bax cDNA was kindly provided by Z Luo, cut with XbaI, blunt-ended with Klenow, and subcloned into BamHI site (blunt-ended with Klenow) of pCMVneoBam plasmid (Baker et al., 1990) .
Transfection and b-galactosidase assay
Cells were subcultured at a density of about 2610 5 per well of 6-well dishes 1 day before transfection. For each well, 0.5 ± 1 mg of DNA and 6 ± 12 mg of lipofectamine reagent were used following a protocol from Gibco. Cells were incubated for 2 ± 5 h in serum-free medium containing DNA and lipofectamine, and then transferred to growth medium. For calcium-phosphate transfection, 3 mg of DNA was coprecipitated with calcium phosphate according to a standard protocol in 6-well dishes and incubated with cells for 3 ± 5 h. Cells were then treated with 15% glycerol for 2 min and further incubated with the appropriate medium. For cotransfection, 1 mg of lacZ construct and 4 mg of appropriate plasmid DNA (1 : 4 ratio) were transfected into cells in most cases.
To detect the expression of chimeric lacZ gene in transfected cells, cells were ®xed with 1% glutaraldehyde for 10 min, rinsed three times with phosphate-buered saline (PBS), and incubated in X-gal buer (0.5 mg/ml 5-bromo-4-chloro-3-indoxyl b-galactoside, 3 mM K 3 Fe(CN) 6 -3H 2 O, 1 mM MgCl 2 , 10 mM KCl, 0.1% Triton X-100 in 0.1 M sodium phosphate buer [pH 7.5]) at 378C for 3 h.
Antibody and Western blot analysis
Human ICE antibody (R13H1) was generated against ICE protein expressed in E. coli. Bcl-2 antibody was from DAKO (Carpinteria, California). Cyclin D1 antibody was a generous gift from E Harlow. Bax (N-20), p21 (C-19), p53 (Pab 240), and T ag (Pab 101) antibodies were from Santa Crutz Biotech (Santa Crutz, California). a-tubulin antibody was from Sigma.
Cells were washed with PBS, collected by scrapping or treatment with trypsin-EDTA, and directly dissolved in protein lysis buer containing 60 mM Tris-Cl (pH 6.8), 1% sodium dodecyl sulfate, 10% glycerol, and 0.5% bmercaptoethanol. Proteins were separated on the 12% polyacrylamide gel by electrophoresis and transferred to immobilon-P transfer membrane (Millipore) with multiphor II transfer apparatus (Pharmacia) for 3 h. The membranes were incubated with TBST blocking buer (20 mM Tris-Cl pH 7.5, 150 mM NaCl, 0.2% Tween-20) containing 4% nonfat dried milk for overnight at 48C and then incubated with primary antibodies (200 ± 1000-fold dilution) in blocking buer for 2 h. After washed with TBST, the membrane was blotted with horseradish peroxidase (HRP) linked goat antimouse immunoglobulin (1 : 1000 dilution, Southern Biotechnology, Birmingham, A1) for monoclonal antibodies (ICE, Bcl-2, Cyclin D1, p53, T ag, and a-tubulin) or HRP-donkey anti-rabbit immunoglobulin (1 : 1000 dilution, Amersham) for rabbit polyclonal antibodies (Bax and p21) for 1 h. After washed with TBST, protein bands were detected by exposing the membrane to the X-ray ®lm (Kodak) following peroxidase reaction using ECL Western blotting detection reagent (Amersham).
Abbreviations ICE, interleukin-1b converting enzyme; ICH-1, ICE/CED-3 homolog; T ag, Simian Virus 40 large T antigen; lacZ, bgalactosidase.
